One sentence summary: This review gives an overview of the diverse mechanisms leading to the insertion of the different forms of the molybdenum cofactor into the respective target enzymes and summarizes the roles of different molybdoenzymes in the environment. Editor: Marie-Therese Giudici-Orticoni
INTRODUCTION
Molybdoenzymes are widespread in all domains of life and they catalyze key steps in carbon, sulfur and nitrogen metabolism. With the exception of nitrogenase containing the ironmolybdenum cofactor, all other molybdoenzymes possess in their active site a molybdenum atom coordinated to a dithiolene group on the 6-alkyl side chain of a pterin called molybdopterin (MPT) (Rajagopalan and Johnson 1992) . Evolutionary studies indicate that molybdoenzymes can be divided into 'ancient' members already present in LUCA and into recently evolved enzymes (Baymann et al. 2003; Schoepp-Cothenet et al. 2012) . By comparative genomics analyses, it was established that 74% of bacteria representing almost all phyla utilize the molybdenum cofactor. This point is in agreement with evolutionary studies and indicates that Mo utilization is an essential trait and the absence of Mo utilization implies a loss of this trait (Zhang and Gladyshev 2008; Zhang, Rump and Gladyshev 2011) . According to the different modifications in the ligand sphere of the molybdenum atom or at the pterin backbone, molybdoenzymes have been classified into three families: the xanthine oxidase (XO) family, the sulfite oxidase (SO) family and the dimethyl sulfoxide (DMSO) reductase family (Hille, Hall and Basu 2014) . While eukaryotes produce only enzymes belonging to the SO and XO families, enzymes of all three families are present in prokaryotes with enzymes of the DMSO reductase family being predominant. The number of molybdoenzymes synthetized differs from one organism to another and the largest molybdoproteome was observed in Desulfitobacterium hafniense (Firmicutes/Clostridia) isolated from polluted sites (Kim et al. 2012) . This organism contains about 60 molybdoproteins, which is about twice the number found in other organisms with a large number of molybdoenzymes such as Magnetospirillum magnetotacticum or Burkholderia xenovorans (Nonaka et al. 2006; Zhang and Gladyshev 2010 ). It appears that environmental bacteria host the highest number of molybdoenzymes compared with bacteria living in restricted biotopes like e.g. Escherichia coli. More than 50 different molybdoenzymes are characterized to date (Hille, Hall and Basu 2014) and probably more enzymes remain to be discovered specially in bacteria living in versatile habitats such as soils, sediments or aquatic environments (Kappler and Nouwens 2013) . Oxo-transfer in addition to hydroxylation reactions can be catalyzed by molybdoenzymes using a large diversity of organic (e.g. DMSO, dimethylsulfide (DMS), formate, xanthine, ethylbenzene) and inorganic substrates (e.g. nitrate, selenate, chlorate, sulfur, arsenic). The physiological role of molybdoenzymes is fundamental since they are essential for most organisms and play a crucial role in fundamental biogeochemical cycles (Zhang and Gladyshev 2008; Madsen 2011; Carpenter, Archer and Beale 2012) .
THE BIOSYNTHESIS OF THE MOLYBDENUM COFACTOR
The chemical nature of the molybdenum cofactor (Moco) has been studied for decades and the first structure was proposed in 1982 by Rajagopalan and coworkers (Rajagopalan and Johnson 1992) . Overall, the chemical structure of Moco is a tricyclic pyranopterin with a unique dithiolene group coordinating the molybdenum atom. Different modifications in the ligand sphere of the molybdenum atom or additional modifications at the pterin backbone have been identified. In bacteria, the Moco is modified by the addition of nucleotides to the phosphate group of Moco, forming the MPT guanine dinucleotide (MGD) or MPT cytosine dinucleotide (MCD) cofactor. The different forms of Moco are inserted into molybdoenzymes which are categorized into three families based on the ligands at the molybdenum atom (Hille, Hall and Basu 2014) : the XO family, the SO family and the DMSO reductase family, an enzyme family absent in eukaryotes ( Fig. 1) . Enzymes of the XO family contain in general a Moco with an MPT (or MCD)-Mo VI OS(OH) ligand sphere, and typical members in bacteria are xanthine dehydrogenase (XDH) and aldehyde oxidoreductase. Enzymes of the SO family contain a Moco with an MPT-Mo VI O 2 Cys core and this family comprises bacterial sulfite dehydogenase. Enzymes of the DMSO reductase family are exclusively found in prokaryotes, comprising a Moco with a MGD 2 -Mo VI XY core with X being either a sulfur or an oxygen ligand and Y either being a hydroxo or amino acid ligand (Ser, Cys, Sec and Asp ligands were identified so far). Typical members of this family are formate dehydrogenase (FDH), nitrate reductase or trimethylamine oxide (TMAO) reductase. The biosynthesis of Moco is a highly conserved and complex pathway which has been first unraveled in bacteria by purifying the respective proteins and analyzing their enzymatic reactions in detail (Rajagopalan 1996; Leimkühler, Wuebbens and Rajagopalan 2011) . For instance, in E. coli, nine proteins with known function are directly involved in Moco biosynthesis (MoaA, MoaC, MobA, MocA, MoaD, MoaE, MoeA, MoeB, MogA) and are encoded by genes organized in distinct gene loci, named moa-e and mog (Shanmugam et al. 1992; Iobbi-Nivol and Leimkühler 2013) . Major contributions about the details of each step in the biosynthesis of Moco were achieved by the isolation of stable intermediates of Moco (Johnson and Rajagopalan 1982; Johnson et al. 1984; Johnson, Wuebbens and Rajagopalan 1989) .
In all prokaryotes, Moco is synthesized by a conserved pathway which can be divided into four general steps (Rajagopalan 1996; Leimkühler, Wuebbens and Rajagopalan 2011; Hille, Hall and Basu 2014) : (i) the synthesis of cyclic pyranopterin monophosphate (cPMP) from 5 GTP (Wuebbens and Rajagopalan 1993) , (ii) insertion of two sulfur atoms into cPMP and formation of MPT (Pitterle, Johnson and Rajagopalan 1993) , (iii) formation of Moco by insertion of molybdate to the sulfur atoms of MPT (Joshi, Johnson and Rajagopalan 1996) , (iv) further modification of Moco by the attachment of GMP or CMP to the phosphate group of MPT, forming the MGD cofactor (Johnson, Bastian and Rajagopalan 1990) or MCD cofactor (Meyer and Rajagopalan 1984; Neumann et al. 2009a) (Fig. 1) . The four steps of Moco biosynthesis are described below:
First step: The biosynthesis of Moco starts from 5 -GTP. The first stable intermediate of Moco was isolated in 1993 and later identified to be a 6-alkyl pterin with a cyclic phosphate group at the C2 and C4 atoms, named cPMP (Wuebbens and Rajagopalan 1993; Santamaria-Araujo et al. 2004) . The reaction of cPMP formation from 5 GTP is catalyzed by the two proteins MoaA and MoaC in bacteria Rajagopalan 1993, 1995) . MoaA belongs to the superfamily of S-adenosyl methionine (SAM)-dependent radical enzymes (Sofia et al. 2001; Hänzelmann and Schindelin 2004) . The protein contains two [4Fe4S] clusters, with the N-terminal [4Fe4S] cluster binding SAM and generating the 5 -deoxyadenosyl radical, and the C-terminal [4Fe4S] cluster binding the 5 GTP Hänzelmann and Schindelin 2006) . While the individual catalytic functions of MoaA and MoaC had long been unknown, recent studies showed that MoaA catalyzes the conversion of 5 GTP to (8S)-3 ,8-cyclo-7,8-dihydroguanosine 5 triphosphate (3 ,8-cH 2 GTP), and MoaC catalyzes the conversion of 3 ,8-cH 2 GTP to cPMP (Hover et al. 2013) . In this reaction, the C8 of GTP is inserted between the C2 and C3 carbons of the ribose (Hover et al. 2013; Mehta, Abdelwahed and Begley 2013) . MoaC further converts 3 ,8-cH 2 GTP to cPMP, a reaction which involves pyrophosphate cleavage in addition to the formation of the cyclic phosphate group (Hover et al. 2013) .
Second step: In the next step of Moco biosynthesis, cPMP is converted to MPT by the insertion of two sulfur atoms to the C1 and C2 positions of cPMP (Pitterle and Rajagopalan 1989 , 1991 Rajagopalan 1990, 1993; Daniels et al. 2008) . This reaction is catalyzed by MPT synthase, a (αβ) 2 heterotetrameric complex composed of two MoaD and two MoaE subunits (Rudolph et al. 2001) . The sulfur atoms required for this reaction are present at the C-terminus of MoaD in form of a thiocarboxylate group (Gutzke et al. 2001; Leimkühler et al. 2003) . Studies on the reaction mechanism lead to a model in which two MoaD molecules are required for the sulfur insertion and cPMP is bound to MoaE during the reaction. Both subunits of the MoaE dimer core act independently, so that the two MoaD proteins are exchanged on each side of the dimer during the reaction. The first sulfur is added to the C2 position cPMP by one MoaD-SH molecule, resulting in a hemisulfurated intermediate. This reaction is coupled to the hydrolysis of the cPMP cyclic phosphate group (Wuebbens and Rajagopalan 2003; Daniels et al. 2008) . In the hemisulfurated intermediate, the MoaD C-terminus is covalently linked via a thioester linkage. In the next reaction, the thioester is hydrolyzed by a water molecule, the first MoaD subunit dissociates from the MPT synthase complex (Wuebbens and Rajagopalan 2003; Daniels et al. 2008 ) and a new MoaD-SH molecule associates with the complex. After the opening of the cyclic phosphate in the first sulfur transfer step to the C2 position, the hemisulfurated intermediate is proposed to shift its MPT is further modified by the addition of nucleotides, GMP or CMP. Additionally, Moco can be further modified by the replacement of one oxo ligand by a sulfido ligand, forming the mono-oxo Moco present in the xanthine oxidase family of molybdoenzymes. The SO family contains the Mo-MPT cofactor with a proteinogenic cysteine ligand. The DMSO reductase family of molybdoenzymes present only in bacteria binds the bis-MGD cofactor in which the molybdenum atom contains an additional ligand, which can be a cysteine, a selenocysteine, a serine, an aspartate or a hydroxo-ligand. Here, also a Moco sulfuration step exists, in which an oxo-ligand at the bis-MGD cofactor is replaced by a sulfur ligand. The proteins involved in the reactions are colored in red, and additional cosubstrates required for the reactions are colored in blue. (Lake et al. 2001) . During the reaction, the C-terminus of MoaD is activated by the formation of an acyl-adenylate group at its terminal glycine (Lake et al. 2001; Leimkühler, Wuebbens and Rajagopalan 2001; Schindelin 2005; Schmitz et al. 2007) . In this complex, MoaD-AMP receives the sulfur from a sulfurtransferase and MoaD-SH is formed (Leimkühler, Wuebbens and Rajagopalan 2001) . The sulfur is directly transferred to MoaD in the (MoaD-MoeB) 2 complex, additionally releasing (MoeB) 2 and AMP. MoaD-SH dissociates from the complex, and reassociates with MoaE to form the active MPT synthase heterotetramer ( Fig. 1 ) (Tong et al. 2005; Schmitz et al. 2007) . It was shown that in E. coli, L-cysteine serves as the origin of the MPT dithiolene sulfurs . In the sulfurtransfer reaction to MoaD, the proteins IscS and TusA are involved in E. coli, forming a sulfur relay system in which a persulfide sulfur is transferred from one protein to another Dahl et al. 2013) . It is believed that under specific conditions TusA can be replaced by other sulfurtransferases in the cell, like the rhodanese-like protein YnjE or the L-cysteine desulfurase SufS (Dahl et al. 2011 (Dahl et al. , 2013 . It has been proposed that the sulfur of one of these persulfide-containing proteins interacts with the (MoaD-MoeB) 2 complex and attacks the MoaD-AMP bond, releasing AMP and creating a transient MoaD perthiocarboxylate intermediate with the sulfurtransferase, which is further reductively cleaved, finally releasing MoaD-SH (Leimkühler 2014; Yokoyama and Leimkuhler 2014) .
Third step: For the formation of Moco, molybdate is bound to the dithiolene sulfurs of MPT. The specific insertion of molybdenum into MPT was shown to be catalyzed by the joined action of the MoeA and MogA proteins Rajagopalan 2002, 2005) . During the reaction, MogA thereby forms an MPT-AMP intermediate under ATP consumption (Kuper et al. 2004) , and this intermediate is further transferred to MoeA, which mediates molybdenum ligation at low concentrations of MoO 4 2- (Nichols and Rajagopalan 2005) . The end product of the MoeA and MogA reaction is Mo-MPT in a tri-oxo form, the basic form of the molybdenum cofactor which can be further modified by nucleotide addition in the next step (Reschke et al. 2013) . Alternatively, the Mo-MPT cofactor can be directly inserted into enzymes of the SO family, where Moco is coordinated by a cysteine ligand which is provided by the polypeptide chain of the protein, forming an MPT-Mo VI O 2 core in its oxidized state (Hille, Hall and Basu 2014) (Fig. 2 ). Fourth step: In the fourth step of Moco biosynthesis in bacteria, Mo-MPT can be further modified by the addition of a GMP or CMP to the terminal phosphate group. (A) The proteins of the DMSO reductase family in bacteria contain the bis-MGD cofactor (Hille, Hall and Basu 2014) (Fig. 2) . The synthesis of the bis-MGD was shown to occur in a two-step reaction which requires Mo-MPT, MobA and Mg-GTP (Reschke et al. 2013) . In the first reaction, the bis-Mo-MPT intermediate is formed on MobA with Mo-MPT as substrate. For this reaction, the ligation of molybdenum to MPT is essential but no further cofactors or molecules are required . In the second reaction, two GMP moieties from GTP are added to the C4 phosphate of bis-Mo-MPT, forming the bis-MGD cofactor (Palmer et al. 1996; Lake et al. 2000) (Fig. 1) . After the attachment of two GMP molecules to the bis-Mo-MPT intermediate, the bis-MGD cofactor is formed and released from MobA. Since bis-MGD is not stable in its free form, it is immediately bound by Moco-binding chaperones, which insert the cofactor specifically into target enzymes of the DMSO reductase family (see below).
(B) Enzymes of the XO family in some bacteria like E. coli contain the MCD form of Moco (Fig. 2) (Iobbi-Nivol and Leimkühler 2013) . MCD formation is catalyzed by MocA, a protein that shares a high amino acid sequence identities to MobA (Neumann et al. 2009b . The overall catalytic reaction of MocA is similar to the second part of the reaction of MobA, in that it acts as a MPT CTP transferase and covalently links MPT and CMP with the concomitant release of the α-and γ -phosphates of CTP as pyrophosphate (Neumann et al. 2009b) (Fig. 1) . However, in this reaction MCD is the end product and the bis-Mo-MPT form is not formed. Instead, the MCD cofactor for all enzymes of the XO family is further modified and contains an equatorial sulfido ligand at its active site, which is essential for enzyme activity (Neumann and Leimkühler 2011; Iobbi-Nivol and Leimkühler 2013) .
THE IDENTIFICATION OF MOCO-BINDING CHAPERONES
The crystal structures of several molybdoenzymes revealed that Moco is deeply buried inside the proteins, at the end of a funnelshaped passage giving access only to the substrate (Kisker, Schindelin and Rees 1997) (Fig. 2) . These structures suggested that chaperones might be required to facilitate the insertion of Moco into the target enzyme. Additionally, it was suggested that only after the insertion of Moco, the apo-enzymes adopt their final structure. It was also shown that Moco insertion is usually the final step of molybdoenzyme maturation, which occurs after protein folding, subunit assembly and the insertion of additional redox cofactors such as cytochromes, FeS clusters or flavin mono/dinucleotides (Neumann and Leimkühler 2011) . The Moco insertion step is catalyzed by Moco-binding molecular chaperones, which bind the respective Moco variant and insert it into the specific target molybdoenzyme (Genest, Mejean and Iobbi-Nivol 2009) (Fig. 3) . It is suggested that most molybdoenzymes in bacteria, especially enzymes of the DMSO reductase family, have a specific chaperone for Moco insertion (Iobbi-Nivol and Leimkühler 2013) . Deletion of the chaperone gene generally leads to the loss of activity of the molybdoenzyme due to the lack of Moco insertion into the enzyme (Dubourdieu and DeMoss 1992; Shaw et al. 1999; Muller and DasSarma 2005) .
One well-studied example for the action of a molecular chaperone with its apo-enzyme is the TorD/TorA system for TMAO reduction in E. coli. TorD was shown to be the specific chaperone of TorA (Genest et al. 2005) and plays a direct role in the insertion of Moco into apoTorA (Genest, Mejean and Iobbi-Nivol 2009) . In E. coli, specific chaperones were also identified for nitrate reductase, DMSO reductase and FDH and their specific function was analyzed in detail: NarJ is the chaperone for nitrate reductase A NarGHI (Blasco et al. 1998) , NarW is the chaperone for nitrate reductase Z NarZYV (Blasco et al. 1992) , DmsD is the chaperone for DmsABC (Ray et al. 2003) and YnfE/F (Guymer, Maillard and Sargent 2009) , NapD is the chaperone for periplasmic nitrate reductase NapA and FdhD is the chaperone for FdhF (Thome et al. 2012) (Table 1) . However, in the same host, no defined specific chaperone has been identified so far for the cytoplasmic molybdoenzyme BisC or the periplasmic molybdoenzyme TorZ ( Crystal structures of several molybdoenzyme-specific chaperones were solved, and TorD, DmsD, NarJ and NapD chaperones were fully described. These dedicated chaperones are sometimes also called REMPs for redox enzyme maturation proteins (Turner, Papish and Sargent 2004) . Molecular chaperones were also identified for the XO family of molybdoenzymes. Here, the best characterized chaperone from this family is the Rhodobacter capsulatus XdhC protein which is essential for the maturation of R. capsulatus XDH (Neumann and Leimkühler 2011) (Fig. 3 , Table 1 ).
So far, no molecular chaperones were identified for the SO family of molybdoenzymes (Iobbi-Nivol and Leimkühler 2013) . Here, the synthesized Moco can be inserted into the target enzyme without further modification, thus a molecular Mocobinding chaperone might not be essential for this direction. It has been suggested that the cofactor can be directly handed over to the target enzyme after molybdenum insertion into MPT, a reaction catalyzed by the MoeA protein (Neumann and Leimkühler 2008) .
The TorD family of Moco-binding chaperones
The TorD family of molecular chaperones was shown to contain hundreds of members that are mainly bacterial but also a few archaeal cytoplasmic proteins (Genest, Mejean and IobbiNivol 2009) . Except YcdY, which in E. coli is linked to a zinc protein, these chaperones carry out essential roles in the biogenesis of both periplasmic and cytoplasmic molybdoenzymes from the DMSO reductase family (Redelberger et al. 2011 ). Thus, it was shown that for all studied chaperone-molybdoenzyme couple, the absence of the chaperone affects the stability or the activity of their target protein. In general, these Moco-binding chaperones are highly specific for their target molybdoenzyme. However, one exception is the E. coli DmsD protein that interacts with three paralogous molybdoenzymes in E. coli, namely DmsA, YnfE and YnfF (Lubitz and Weiner 2003) (Table 1) .
While the TorD-like proteins in general present a low level of sequence identity (20% or less), the members of this family are characterized by a common fold (Genest, Mejean and Iobbi-Nivol 2009; Iobbi-Nivol and Leimkühler 2013) . Their 3D structures showed that they generally are organized in 10-12 α-helices that account for 60-70% of the protein residues. They contain in addition a long loop region separating the N-and Cterminal domains of the proteins. At first, a motif, 'E(Q)PxDH', held by the loop region was proposed to characterize members of the TorD family, but with the increase of available sequences it became clear that the sequence motif is not present in all species (Ilbert, Mejean and Iobbi-Nivol 2004) . It was established On the left side, the TorD/TorA system for bis-MGD insertion is shown: TorD binds bis-MGD and inserts the cofactor into apo-TorA. Shown are the structures of dimeric TorD from S. massilia (pdb 1N1C) and monomeric TorA from S. massilia (1TMO). In the middle, a model of the FdsC/FdsA system for insertion of sulfurated bis-MGD from R. capsulatus is shown. Rhodobacter capsulatus FdsC binds bis-MGD and further transfers it to the FdsA subunit of R. capsulatus FDH, which is composed of the (FdsGBA)2 heterotrimer. It is proposed that bis-MGD is further modified by sulfuration. For the homologous E. coli system, it was shown that IscS is involved in sulfurtransfer to bis-MGD. In R. capsulatus, the NifS4 protein performs a similar role for the XdhC/XdhB system. Here it is suggested that FdsC binds bis-MGD and an L-cysteine desulfurase (IscS/NifS4) transfers the sulfur to the Mo atom by exchanging an oxo-group and adding the sulfur ligand. Afterwards, sulfurated bis-MGD is inserted into FdsA, which is already assembled as a (FdsGBA)2 heterotrimer containing various FeS clusters and FMN. The crystal structure for the FdhD-homologous protein from Desulfotalea psychrophila is shown (pdb 2PW9). On the right-hand side, the XdhC/XdhB system for insertion of sulfurated Mo-MPT from R. capsulatus is shown. It was shown that XdhC binds Mo-MPT. The equatorial Mo=S ligand of Mo-MPT is inserted into Moco while bound to XdhC by the sulfurtransferase function of the NifS4 protein. After the formation of sulfurated Mo-MPT, XdhC interacts with XDH (here the XdhB subunit of R. capsulatus XDH is shown, pdb 1JRO) for final Moco insertion. The crystal structure for the XdhC-homologous protein from Bacillus halodurans is depicted (pdb 3ON5). that these chaperones bind at least to one region of their target corresponding to the twin-arginine signal sequences of exported molybdoenzymes to the periplasm or N-terminal sequences of cytoplasmic ones (Jack et al. 2004; Hatzixanthis et al. 2005) . The maturation process of various bis-MGD containing enzymes has been reported. A common framework in the maturation mechanism has been suggested according to the complexity or the location of the molybdoenzymes; however, differences also appear.
Maturation of TorA, a simple periplasmic molybdoenzyme
The mechanism of TorA maturation by TorD has been studied in detail in the past (Genest, Mejean and Iobbi-Nivol 2009; IobbiNivol and Leimkühler 2013) . TorA is a bacterial respiratory enzyme catalyzing the reduction of TMAO into the volatile compound trimethylamine (TMA) (Mejean et al. 1994; Czjzek et al. 1998) . It is a monomeric protein located in the periplasm and contains solely the bis-MGD cofactor as prosthetic group (Czjzek et al. 1998) . Therefore, it is a well-defined model system to study the insertion of Moco without interferences linked to the assembly of subunits or the incorporation of other cofactors, e.g. ironsulfur centers. TorA maturation is a cytoplasmic event which occurs before its translocation across the membrane (Santini et al. 1998) . It is now established that TorD is involved in the stabilization and maturation of TorA (Redelberger et al. 2013) (Fig. 4) . TorD interacts with two distinct regions of the Moco-free apoform of TorA, which encompasses the signal sequence at the N-terminal part of the protein and a binding site in the core of the apoprotein (Genest, Mejean and Iobbi-Nivol 2009 ). This was confirmed by analysis of the TorA-TorD complex by SAXS analyses which showed a 1:1 binding stoichiometry of the two proteins (Dow et al. 2013) . Moreover, TorD is able to bind to both sites simultaneously. Recently, it was demonstrated that TorD binding to the core of apoTorA prevents proteolytic attack of the Lon protease and also the proteolysis of the N-terminal extremity by an additional, still unknown protease (Genest et al. 2006a,b; Redelberger et al. 2013) . While the region of TorD involved in the recognition of the core of apoTorA was defined and corresponds to the Model for TorA and NarGHI maturation in E. coli. TorD-dependent TorA maturation: by interacting with the leader peptide (LP) and the core of apoTorA, TorD protects it against proteolytic attack of the Lon protease and maintain the apoenzyme in a competent conformation for Moco insertion. TorD recruits the components involved in the final step of bis-MGD synthesis and transfers the mature cofactor to the catalytic site of TorA. Translocation of TorA is dependent on the TAT machinery, role of TorD in TorA targeting to the TAT components is not defined. NarJ-dependent NarGHI maturation: NarJ binds the N-terminal part and the core of NarG. NarJ is required to insert the iron-sulfur cluster and Moco into the NarG subunit. NarJ interacts with enzymes involved in Moco synthesis but a direct binding to bis-MGD was not shown yet. When NarG maturation is complete, the NarGHI complex is anchored to the membrane.
fifth alpha helix in TorD structure, the region of TorD responsible for the protection of the apoTorA signal sequence is still controversial (Jack et al. 2004; Genest et al. 2008; Genest, Mejean and Iobbi-Nivol 2009 ). However, two residues (D 124 and H 125 , E. coli numbering) located in the loop region were predicted to be involved in the binding of TorA leader sequence (Jack et al. 2004; Hatzixanthis et al. 2005) . The TorD chaperone is also required for the insertion of the Moco into the catalytic site of TorA Ilbert, Mejean and Iobbi-Nivol 2004) (Fig. 3) . By binding to the core of the apoprotein, TorD induces a conformational change of apoTorA that becomes thus competent for Moco insertion. Further, TorD plays a role also in the last step of the Moco maturation by interacting with the MobA protein involved in bis-MGD formation (Genest et al. 2008) . Thus, the chaperone could act as a facilitator to insert the synthesized bis-MGD cofactor into the binding site of apoTorA and thereby render the mature enzyme protease resistant (Redelberger et al. 2013) . After bis-MGD insertion into apoTorA, mature TorA and release of TorD from the complex, TorA has to be targeted to the TAT machinery (Fig. 4 ). This step is facilitated by the fact that insertion of Moco into the catalytic site of TorA modifies the affinity between the interacting region of TorA and TorD allowing the release of TorD ). This event can be considered as a proofreading mechanism directed by TorD or a passive competition between proteins of the TAT machinery and TorD, whose affinity for the signal sequence is thereby decreased (Jack et al. 2004; Genest, Mejean and Iobbi-Nivol 2009) . Consequently, the TAT leader peptide is exposed after TorD release and bis-MGD containing TorA can be targeted to the TAT machinery. Alternatively, a competition can occur between TorD and the TAT components leading to the release of TorD. These models remain to be proven.
Maturation of membrane-associated complex molybdoenzymes
NarGHI is a membranous nitrate reductase responsible for anaerobic respiration when nitrate is abundant (Rothery et al. 1998; Bertero et al. 2003 Bertero et al. , 2005 Hille, Hall and Basu 2014) . The catalytic subunit NarG is facing the cytoplasm and contains the bis-MGD cofactor and also an iron-sulfur cluster named FS0 (Rothery et al. 2010) , NarH is an electron transfer unit containing four iron-sulfur centers and NarI contains a b-type cytochrome and permits the anchoring of the complex to the cytoplasmic membrane (Palmer et al. 1996; Rothery et al. 1999 Rothery et al. , 2001 (Fig. 4) . The molecular chaperone for NarGHI is the soluble protein NarJ (Blasco et al. 1998) . NarJ is required for the stability and the location of the complex and the insertion of Moco (Liu and DeMoss 1997; Zakian et al. 2010) . Like TorD, the role of NarJ is mediated by its interaction with two distinct regions on NarG, the N terminal part and the core of the protein (Vergnes et al. 2006) . The 1-15 Nterminal amino acids of NarG adopt an α-helical conformation in solution, which is recognized by NarJ via hydrophobic interactions (Zakian et al. 2010) . Moreover, the NarJ conformation is modified when interacting with NarG (Lanciano et al. 2007 ). The absence of NarJ leads to a lack of the cofactor in NarG, a defect in the assembly of the NarGHI complex which results in a soluble NarGH complex and an alteration of the b-type heme content of the membranous NarI cytochrome (Lorenzi et al. 2012) . Finally, it was also demonstrated that the maturation of the FS0 center must precede bis-MGD insertion into NarG. Thus, NarJ ensures complete maturation and anchoring of the cytoplasmic NarGH complex to NarI (Lanciano et al. 2007) .
A further molybdoenzyme requiring a TorD-like chaperone is DMSO reductase, encoded by dmsABC in E. coli (Rothery and Weiner 1993) . The DMSO reductase from E. coli and other species is a αβγ heterotrimer that is located in the periplasm (Bilous and Weiner 1988) . The DmsA subunit harbors the bis-MGD cofactor and a [4Fe4S] cluster (Trieber, Rothery and Weiner 1996; Cheng et al. 2005) . The DmsB subunit contains four [4Fe4S] clusters, and DmsC is the integral transmembrane subunit with eight transmembrane helices, which does not contain any redox-active cofactor (Ujiiye et al. 1996) . A menaquinole-binding site has been identified on DmsC, which serves as an electron donor for substrate reduction (Rothery and Weiner 1993) . Escherichia coli DMSO reductase has a broad substrate specificity, being able to reduce S-and N-oxides. The chaperone DmsD, another member of the TorD family, acts on the DmsA subunit (Ray et al. 2003) . The role of DmsD was studied in E. coli and in Salmonella LT2 (Guymer, Maillard and Sargent 2009) . However, in contrast to other chaperones, DmsD is not only specific for DmsA, but also interacts with two DmsA paralogs, the YnfE and YnfF subunits of the E. coli selenate reductase (YnfEFGH or SerABC in E. coli or Salmonella, respectively). Moreover, only few information is available on DmsD function. DmsD was shown to bind to the 45-amino acid TATleader peptide of DmsA in the cytoplasm before its translocation (Chan et al. 2008) . A 1:1 binding stoichiometry of DmsD and DmsA was revealed and upon binding of DmsD to the DmsA leader peptide, only few conformational changes in DmsA have been observed (Chan et al. 2014) . Nevertheless, a potential role of DmsD in bis-MGD insertion into DmsA is conceivable, consistent with the functions of the other chaperones. Indeed, it has been established that DmsD is required for the enzymatic activity of its target molybdoenzymes, but it is not yet known whether the stability and/or the maturation levels are affected when it is lacking. Further, an interaction of DmsD with the core of the DmsA, YnfE or YnfF was not shown, indicating a different mechanism of Moco insertion by DmsD (Lubitz and Weiner 2003) . The precise role of DmsD for molybdoenzyme maturation has to be investigated in future studies.
Other auxiliary proteins dedicated to bis-MGD enzymes functionality
For the periplasmic nitrate reductase NapA, a TorD-like chaperone has not been identified so far (Thomas, Potter and Cole 1999) . According to the bacteria species studied, the periplasmic nitrate reductase is a NapAB dimer associated either with a c-type cytochrome NapC or with NapGH iron-sulfur-containing proteins, or, in some cases the same organism can possesses both complexes, e.g. in Shewanella species (Jepson et al. 2006) . The nap locus encodes also an additional cytoplasmic protein of around 9 kDa, named NapD, which contains a ferredoxin-like fold (Dow et al. 2013) . The absence of NapD leads to a loss of NapA activity in E. coli and Campylobacter jejuni and to the absence of the NapA protein in Wolinella succinogenes (Potter et al. 2001; Kern, Mager and Simon 2007; Liu et al. 2014) . Therefore, NapD might influence NapA stability. It was shown that NapD directly interacts with the TAT signal sequence of NapA, but not with the core of the enzyme (Chan et al. 2009 (Chan et al. , 2010 . The binding of NapD to the unstructured leader peptide of NapA induces a helical conformation of the leader peptide that is similar to the α-helical conformation of the N-terminus of NarG which is obtained after binding of NarJ (Grahl et al. 2012) . Purification of a NapAD complex in a 1:1 molar ratio showed that the NapA protein was only partially folded and devoid of Moco but contained the iron-sulfur center (Dow et al. 2013) . This indicated that NapD might be involved in the targeting of NapA to the TAT system. However, it also remains possible that NapD has a role in the insertion of the bis-MGD cofactor into NapA.
Interestingly, a second chaperone named NapF was identified in being involved in NapA maturation. NapF was shown to transfer in vitro a [4Fe4S] cluster to NapA and was proposed to facilitate the insertion of the cofactors into NapA (Olmo-Mira et al. 2004; Nilavongse et al. 2006) . Thus, in E. coli, biosynthesis of NapA appears to require two proteins, NapD and NapF, involved in the targeting and the maturation of NapA, respectively. However, NapF is not present in all organisms containing the Nap nitrate reductase system. For instance, a NapF encoding gene was not found in various Shewanella species. Surprisingly, NapF is not essential for NapA activity in E. coli, since in its absence NapA can be matured, however, with a slower rate. In contrast, in R. sphaeroides the lack of NapF results in the absence of NapA protein (Reyes et al. 1998; Richardson et al. 2001; Nilavongse et al. 2006; Kern, Mager and Simon 2007; Kern and Simon 2009) . A direct interaction was detected for NapF and both the periplasmic and cytoplasmic forms of NapA (Nilavongse et al. 2006) . This suggested that the binding of NapF occurs on the core of the NapA protein and, thus, NapF might enhance the Fe/S incorporation during the maturation process of NapA. Since a direct binding of bis-MGD to NapD or to NapF has not been investigated yet, the mechanism of the Moco insertion into apo-NapA still remains unsolved.
Exceptions to the rule Study of molybdoenzymes biosynthesis has been mostly performed in bacteria, often E. coli, Rhodobacter spp., commonly used as model organisms in laboratories. However, presence of specific chaperones is a general rule for the DMSO reductase family and the wide sequencing of operons encoding molybdoenzymes in several bacteria confirms it. For instance, PcrD, the potential chaperone of perchlorate reductase PcrABC was identified in Dechloromonas spp. and EbdD believed to act toward the ethylbenzene dehydrogenase EdbABC which was identified in denitrifying Azoarcus-like strain EbN1 (Rabus et al. 2002; Bender et al. 2005) . However, sometimes putative chaperone genes are not found in gene loci for other molybdoenzymes. Comparing the genomic arsenic islands of D. hafniense DCB-2, Shewanella sp. ANA-3, Geobacter lovleyi SZ and G. uraniireducens Rf4, Yamamura and Amachi (2014) showed that arrD encoding the TorD-like chaperone of ArrA was missing in S. ANA-3 while present in the three other bacteria. In comparison, in E. coli the maturation of most molybdoenzymes is mediated by a dedicated chaperone; however, there are some exceptions. For the molybdoenzymes TorZ and BisC, so far no specific chaperones were identified (Gon et al. 2000; Genest, Mejean and Iobbi-Nivol 2009) . Thus, it remains to be proven whether bis-MGD is directly inserted by MobA without further modification, or alternatively some other chaperones are 'shared' with both systems.
Chaperones for FDHs
FDHs were shown to comprise a heterogeneous group of molybdoenzymes that catalyze the oxidation of formate to CO 2 and H + (Friedebold and Bowien 1993; Mota et al. 2011; Hartmann, Schwanhold and Leimkuhler 2015) . According to the growth conditions, E. coli can produce three distinct FDHs and in Shewanella oneidensis genome, at least four FDHs structural genes are annotated. Several proteins encoded by various FDH operons were proposed to be involved in FDH maturation (Hartmann, Schwanhold and Leimkuhler 2015) . For instance, the gene of a member of the TorD family, so4507 (FdhT), was shown to be located in an operon containing also the genes encoding two membranous anchored FDHs in S. oneidensis, but so far the function of this protein has not been documented (Ilbert, Mejean and Iobbi-Nivol 2003; Genest, Mejean and Iobbi-Nivol 2009) . In R. capsulatus, the role of two chaperones FdsC and FdsD for FDH maturation has been described recently (Hartmann and Leimkühler 2013 For R. capsulatus FDH, the chaperones for molybdoenzyme maturation not only facilitate the insertion of bis-MGD and the final folding of the target enzyme, but also directly bind bis-MGD (Böhmer, Hartmann and Leimkühler 2014) . The proteins FdsC and FdsD have been identified to be essential for the production of an active FDH, but are not subunits of the mature enzyme (Hartmann and Leimkühler 2013) . While FdsD has only counterparts in some oxygen-tolerant FDHs, FdsC shares high amino acid sequence homologies to E. coli FdhD, the chaperone for the three E. coli FDH enzymes (Thome et al. 2012) . In a recent study, FdsC was heterologously expressed in E. coli and copurified in a bis-MGD bound form (Böhmer, Hartmann and Leimkühler 2014) . In addition to its role in bis-MGD binding, FdsC was suggested to have a similar role in the maturation of FDH-like TorD for TMAO reductase (Fig. 3) . For FdsC, an interaction with MobA, FdsD and FdsA was shown (Böhmer, Hartmann and Leimkühler 2014) . Therefore, FdsC acts as a platform connecting bis-MGD biosynthesis and its insertion into the target protein. FdsC binds directly bis-MGD and protects the bis-MGD cofactor from oxidation before its insertion into FdsA. Additionally, FdsC might contribute to control the specificity of bis-MGD insertion into the respective target protein. The FdsD protein seems to be additionally essential in this reaction. Since FdsD was only identified in organisms which contain an oxygentolerant FDH, its role might be to protect the bis-MGD cofactor specifically in the presence of oxygen (Hartmann, Schwanhold and Leimkuhler 2015) .
It has been recently reported that the bis-MGD cofactor can be further modified by sulfuration (Raaijmakers and Romao 2006; Najmudin et al. 2008; Coelho et al. 2011; Grimaldi et al. 2013) . Escherichia coli contains the formate dehydrogenase FDH-H, which faces the cytoplasm and is anchored to a membranebound hydrogenase complex, forming the formate-hydrogen lyase system which has a role under fermentative conditions. Reinterpretation of the original crystal structure of FdhF suggested that at the molybdenum site, in addition to the selenocysteine ligand, the apical ligand is rather a sulfur ligand instead of an oxygen ligand (Raaijmakers and Romao 2006) . Thus, in the oxidized state, the enzyme contains the four pterin sulfur ligands at the Mo site, a selenocysteine ligand and a sulfur ligand during the reaction. The chaperone involved in sulfuration of the Moco for FdhF was shown to be the FdhD protein, a protein which is a homolog of FdsC (Thome et al. 2012) . FdhD is additionally required for the maturation of the two other FDHs in E. coli FdoGHI and FdnGHI. In a recent study, FdhD was described to interact with the L-cysteine desulfurase IscS through two conserved cysteine residues (Cys121 and Cys124), resulting in a sulfur transfer reaction from IscS to FdhD. FdhD was suggested to act as a sulfurtransferase accepting the sulfur on the Cys121/Cys124 from IscS with a subsequent transfer to FdhF, which leads to its activation by formation of the sulfur ligand at the molybdenum active site. In the absence of FdhD, FdhF was present in an inactive form. Additionally, it was proposed that FdhD also binds Moco directly (likely bis-MGD), thus suggesting that bis-MGD can be sulfurated when bound to FdhD (Thome et al. 2012) . However, the direct proof remains to be established.
In addition to FDHs, the DMSO reductase family includes other members for which an additional sulfur ligand of the molybdenum atom has been reported at the catalytic site. The Xray crystal structure of the periplasmic nitrate reductase (Nap) of Cupriavidus necator showed the presence of a terminal sulfur ligand at the molybdenum coordination sphere (Coelho et al. 2011) . Similar data were obtained for the homologous NapA protein from Desulfovibrio desulfuricans ATCC 27774, for which the crystal structure showed a unique coordination sphere of six sulfur ligands bound to the molybdenum atom (Najmudin et al. 2008) . Conclusively, these observations might suggest that sulfuration of bis-MGD is more common for this group of enzymes than previously expected. Thus, these chaperones involved in the maturation of molybdoenzymes might have an additional role in the modification of Moco, by the insertion of a sulfur ligand to the Moco active site (Hartmann, Schwanhold and Leimkuhler 2015) .
The XdhC family of Moco-binding chaperones
A general feature of all enzymes of the XO family of molybdoenzymes is the presence of an equatorial sulfur ligand at the molybdenum active site (Fig. 2) (Hille, Hall and Basu 2014) . In this class of molybdoenzymes, only one MPT is ligated to the molybdenum atom, forming a MPT-Mo VI OS(OH) core. In contrast to the other two families of molybdoenzymes, no amino acid ligand is present. In the XO family, it is well established that cofactor sulfuration is mediated by members of the XdhC family of specific chaperones (Neumann and Leimkühler 2011) (Fig. 3) . The XdhC family contains hundreds of members that are bacterial and archaeal proteins, but no homologous sequences are present in eukaryotic genomes. In plants and human, functional homologs are present, which were characterized as Moco sulfurases. While several organisms such as R. capsulatus contain only a single XdhC homolog, a large number of organisms like R. sphaeroides or E. coli contain two or more homologs of XdhC. XdhC homologs are also present on strain-specific megaplasmids required for metabolic pathways like the one identified for quinaldine degradation in Arthrobacter nitroguajacolicus Rü61a (Parschat et al. 2003) . The xdhC genes can be present in operons containing structural genes encoding a member of the XO family. In some organisms, a gene organization was identified where genes encoding XdhC homologs are cotranscribed with genes essential for Moco biosynthesis (Neumann and Leimkühler 2011) . The XdhC-like molecular chaperones are required for the maturation of molybdoenzymes of the XO family . The best characterized chaperone from this family is the R. capsulatus XdhC protein (Neumann and Leimkühler 2011) . Investigation of R. capsulatus XdhC showed that it binds the Moco produced by MoeA/MogA and protects it from oxidation until the terminal molybdenum sulfur ligand is inserted Neumann, Stöcklein and Leimkühler 2007) . XdhC also interacts with the R. capsulatus L-cysteine desulfurase, NifS4, the protein that actually replaces the cofactor equatorial oxygen ligand with a sulfido ligand (Fig. 3) . The sulfur for this reaction originates from L-cysteine, and a NifS4 persulfide group is formed during the course of the reaction. After the sulfuration reaction, it is believed that XdhC with its bound sulfurated Moco dissociates from NifS4 and forms a new interaction with the XdhB subunits of the R. capsulatus (αβ) 2 XDH heterotetramer (Neumann et al. 2006; Neumann, Stöcklein and Leimkühler 2007) .
Thus, it appears from the R. capsulatus studies that XdhClike proteins perform a number of functions including stabilization of the newly formed Moco, interaction with an L-cysteine desulfurase to ensure that Moco sulfuration occurs in addition to the interaction with their specific target proteins for insertion of the sulfurated Moco (Neumann and Leimkühler 2011) . Because Moco is deeply buried in the protein, it is also believed that the XdhC proteins may act as chaperones to facilitate the proper folding of the target proteins after Moco insertion . This model implies that molybdoenzymes requiring the sulfurated form of Moco exist in a Moco competent 'open' apo-molybdoenzyme conformation until the insertion of sulfurated Moco. After insertion, the protein adapts the final active 'closed' conformation .
From the amino acid sequence alignment, it became clear that the overall sequence identity of the XdhC-like proteins from different bacteria is low (∼15-30%). There are only very few highly conserved amino acids which are present in all XdhC-like proteins. However, one cysteine residue is conserved through almost all XdhC-like proteins present in the database, which corresponds to cysteine 82 in R. capsulatus XdhC (Neumann and Leimkühler 2011) . Whether this cysteine residue is involved in the sulfuration of Moco during the maturation process remains to be established.
ENVIRONMENTAL ASPECTS OF BACTERIAL MOLYBDOENZYMES
It is noteworthy that among all living organisms environmental bacteria harbor the highest diversity and number of molybdoenzymes and are thus responsible for a large range of reactions having direct positive or negative ecological impacts as exemplified below. Since molybdoenzymes of the DMSO reductase family are the most abundant in bacteria, for example, 59 out of the 63 molybdoenzymes of D. hafniense are members of this family, they are predominantly involved in these processes (Zhang and Gladyshev 2010) .
A major characteristic of bacteria is their ability to respire under anoxic conditions and exogenous electron acceptors involved in such a mechanism can be very diverse (Table 1) . For instance, Shewanella species which are aquatic microorganisms are described to present 'an unparalleled respiratory diversity' (Hau and Gralnick 2007) . In addition to organic (DMSO, TMAO) or inorganic (nitrate, sulfur) compounds, Shewanella sp. can also respire toxic elements and insoluble metals such as uranium or manganese (Wade and DiChristina 2000; Myers and Myers 2001) . Molybdoenzymes are thus capable to catalyze such favorable bioenergetic processes sustaining bacterial growth in the absence of oxygen by the oxidation of the electron donor as the FDH during the uranium or manganese reduction or by reducing the electron acceptor like the DMSO, TMAO or nitrate reductases. Impact of bacterial respiration is much more important than the sole capacity of bacterial growth. Classical examples are the role of respiratory molybdoenzymes involved in nitrogen or sulfur cycles and which are largely documented by recent reviews (Kraft, Strous and Tegetmeyer 2011; Carpenter, Archer and Beale 2012; Grein et al. 2013) . A typical case is the reduction of nitrate to nitrite, the first step in the use of nitrate in the network of pathways (denitrification, dissimilatory nitrate reduction and anammox) composing the nitrogen cycle and catalyzed by either the membranous NarG or periplasmic NapA bacterial nitrate reductase. The other well-characterized illustrations are DMSO reductase and DMS dehydrogenase catalyzing the production or the oxidation of DMS, respectively, a central product of the sulfur cycle (Creevey et al. 2008; Boden, Murrell and Schafer 2011; Carpenter, Archer and Beale 2012; Grein et al. 2013) .
Microbial respiration involving molybdoenzymes is also associated with several detoxification processes and, thus, acts in the biogeochemical cycles of many elements (Madsen 2011) . It is the case for oxochlorate metabolism in perchlorate-and chlorate-reducing bacteria. These bacteria are studied with great interest for bioremediation of (per)chlorate that can also be coupled to the bioremediation of aromatic or aliphatic hydrocarbons and to the oxidation of H 2 S to limit souring and corrosion in various industrial sites (Bardiya and Bae 2011; Liebensteiner et al. 2014) . Beside a natural production of perchlorate and chlorate in soils, groundwater and precipitation, the anthropogenic contamination of soil and water due to industrial or agricultural activities is a major environmental problem with health issue (Bardiya and Bae 2011; Nilsson, Rova and Smedja Backlund 2013) . Perchlorate (ClO 2 ) which in turn is submitted to disproportionation to chloride and oxygen. Two enzymes are involved in this two-step mechanism, a (per)chlorate reductase or a chlorate reductase according to its ability to reduce both substrates or only chlorate, and a chlorite dismutase. (Per)chlorate and chlorate reductases are both molybdoenzymes belonging to the DMSO reductase family and the complete bioenergetics pathway involves also a terminal oxidase (Nilsson, Rova and Smedja Backlund 2013) . Further, high concentrations of selenate, the most oxidized form of selenium is the result of human industrial activity and bacterial bioremediation is primarily involved in cleansing process (Stolz et al. 2006) . It was established that in Thauera selenatis the respiratory process using selenate as exogenous substrate and leading to the biomineralization of selenium into nanospheres involves a periplasmic enzymatic complex including a subunit containing the bis-MGD form of the molybdenum cofactor (Dridge and Butler 2010; Butler et al. 2012) (Table 1) . When selenate reduction does not sustain bacterial growth in anaerobiosis another molybdoenzyme complex linked to the cytoplasmic membrane is involved as demonstrated in Enterobacter cloacae SLD1a-1 (Leaver, Richardson and Butler 2008) and finally, selenate reduction happens also in obligate aerobic bacteria as described in Comamoas testosterone S44 and in this bacteria also a molybdoenzyme is responsible of selenate reduction to selenite (Zheng et al. 2014) .
The role of molybdoenzymes in bioremediation can be direct as those described above but can also be indirect by fueling the bacterial growth since in most contaminated sites, different compounds can be found simultaneously. For instance, this point was established for Sulfurospirillum barnesii that is able to reduce chromium Cr(VI) into less toxic Cr(III) while respiring on nitrate when it encounters concomitantly nitrate and oxidized form of chromium in its habitat (Chovanec et al. 2012) . In some cases, such association leads to more environmental deleterious effects for instance when bacterial nitrate respiration leads to the oxidation of insoluble uranium (IV) to soluble U(VI) in aquifer sediments (Elias et al. 2003; Senko et al. 2005) . The arsenic geochemical cycle is another example wherein role of molybdoenzymes is predominant and according to the environmental conditions microorganisms can produce more or less toxic forms of arsenic. In aquatic and soil environments, As(V) and As(III) are the two major forms of arsenic found with As(III) being more mobile and toxic than As(V) and the important role of microorganisms in the mobilization of arsenic was clearly established in particular in sediments from the Bengal delta (Islam et al. 2004; Slyemi and Bonnefoy 2012; Kruger et al. 2013) . Molybdoenzymes are involved in both oxidation and reduction of arsenic and are produced by environmental bacteria of various phyla and among them Shewanella spp, Geobacter spp. and Bacillus spp. (Silver and Phung 2005; Yamamura and Amachi 2014) .
The respiratory capacities of bacteria are astonishing in the diversity of substrates they handle and also in the strategies to widen them to insoluble compounds available in their habitats. Molybdoenzymes are largely involved in these processes and also in more original ones like extracellular respiration as described in S. oneidensis respiring extracellular DMSO (Gralnick et al. 2006; Cheng et al. 2013) . The pleiotropic role of molybdoenzymes is well exemplified in a recent study wherein authors highlight that when molybdenum cofactor biosynthesis is impaired in the environmental bacteria B. thailandensis not only anaerobic respiration is affected but also motility and biofilm formation (Andreae, Titball and Butler 2014) . In other words, this work underlines the important role of molybdoenzymes during bacterial adaptation in versatile biotopes. Implication of respiratory molybdoenzymes in chemotaxis towards exogenous electron acceptors (TMAO, DMSO and nitrate) was also described in S. oneidensis (Baraquet et al. 2009 ). In total, molybdoenzymes in bacteria act as powerful tools for adaptation to harsh and changing environment.
CONCLUSIONS
Although their biosynthesis is a complex multistep process, molybdoproteins are ancient enzymes which are present in all kingdoms of living organisms. It has been shown that their maturation requires a precise pattern drawn almost specifically for each of them. This characteristic can surely be linked to both the variety of forms of the Moco that can be inserted and the diversity in the catalytic sites and localizations of these enzymes. The specific chaperones are a control point for the discrimination of the correct Moco to be inserted. Moreover, the way they handle the protection or the maturation process appears adapted to their proper target.
Importance of molybdoenzymes was already depicted in humans where the absence of Moco leads to a death in early childhood. In bacteria, it appears that the wide range of enzymatic activities catalyzed by these enzymes can be a great advantage for survival in many niches including polluted sites and an efficient adaptive mechanism. In an era submitted to ecological pressure to counteract anthropogenic discharges, bacterial molybdoenzymes can be surely adapted tools. Since they can catalyze reactions in a large range of redox potentials from −400 mV (FDH, thiosulfate oxidase) up to more than +700 mV (perchlorate reductase, chlorate reductase) and as the nature of amino acids surrounding the molybdenum cofactor allows a wide diversity of substrates, distinct molybdoenzymes have the potential to be used for future bio-applications.
